Introduction
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( Reddy et al. 2017c ). In particular, the two-phase flow hydraulic model simulates the 145 flow/transport of each fluid phase (liquid and gas) through Darcy's law and is extended to 146 unsaturated fluid flow using the relative permeability functions given by van Genuchten (1980) .
147
The entire numerical model was formulated in Fast Lagrangian Analysis of Continua (FLAC) a 148 finite difference program (Itasca, 2011) . A schematic of the numerical framework and a detailed 149 explanation on each of these individual models and the entire numerical framework is presented This study examines the influence of various system designs and operational conditions on the 11 configuration. The spacing and layouts of HTs considered in this study are based on the practical 235 application as exercised in typical bioreactor landfills in the USA (Giri and Reddy 2014a, b) .
236
Lastly, a final cover system is placed over the MSW. As shown in Fig. 1 , the final cover 237 system has a flat run-out, a 1V:nH MSW face slope and 70-m-wide horizontal portion. The 238 MSW face slope remains 1V:3H in selected landfill cases C-1, C-3, and C-4. In landfill C-2, a 239 1V:2H face side slope is considered to evaluate the effects of landfill slope configuration. The liner system as well as in the final cover system, a bottom drainage layer made of highly 253 permeable granular soil (e.g., gravel), and an erosion layer (vegetation soil) at the top in the final 254 cover to minimize the infiltration within the landfill. Table 2 shows the geotechnical properties 255 of these landfill soil layers selected based on previous studies (Reddy et al. 1999; HELP Manual, 12 comprised of a smooth HDPE geomembrane and a nonwoven geotextile was considered to 258 represent the weakest surface in the landfill (Reddy et al. 1996; Jones and Dixon 2005) .
259
Moreover, the shear strength and the stiffness properties of the interface were adopted from 260 previous studies (Wasti and Ozduzgun 2001; Sia and Dixon 2012) .
261
The landfilled MSW was divided into ten distinct layers and each layer being 3-m-thick 262 with varying MSW properties along the landfill depth to represent true field conditions (i.e., 263 heterogeneous MSW). Table 3 shows the initial geotechnical properties of the MSW and their 264 variation (e.g., unit weight, saturated hydraulic conductivity, initial porosity, and initial 265 saturation) along the landfill. The MSW unit weight was varied along the depth using the 266 formulation given by Zekkos et al. (2006) :
268
Where γ = unit weight at depth z; α and β are 3 m 4 /kN and 0.2 m 3 /kN, respectively, for typical
269
MSW; and γi = near surface in-place unit weight. In this study, the value of γi was taken as 7. The saturated vertical hydraulic conductivity of MSW was varied with landfill depth and 272 overburden stress as follows (Reddy et al. 2009 ):
274
Where kv0 = initial saturated hydraulic conductivity at zero normal stress (10 -2 cm/s), kv is the 275 saturated hydraulic conductivity under effective overburden of σ', and Pa = atmospheric pressure
276
The initial porosity of the waste was varied with landfill depth using the mass-volume 277 relationship as:
Where ρdry is the waste dry density; Gs is the specific gravity of fresh MSW and was assumed to 280 be 1.25 based on Yesiller et al. (2014) ; and ρw is the density of water.
281
The initial shear strength parameters and the initial stiffness properties of MSW were 282 kept constant along the landfill depth, and these values were based on previous studies (Xu et al. HTs from the side slope for safe and efficient design of the bioreactor landfill. The effect of the horizontal trench systems were evaluated by reducing the horizontal 324 spacing between successive HTs, based on the typical practice adopted in the USA. In total,
325
seven HTs are employed in landfill C-3 compared to only four HTs in case of landfill C-1 (refer about 92% in 16 years for C-1) and thereby a relatively shorter injection duration for the 330 attainment of MSW stabilization (13 years in C-3 compared to 16 years in C-1).
331
In this study, a one-week-on-off intermittent leachate injection mode is adopted by 332 continuously injecting the leachate in the C-4 bioreactor landfill configuration for a week 333 followed by a one week of gravity drainage, such that two out of the four horizontal trenches the horizontal landfill section A-A' for all the landfill cases (C-1 to C-4). As can be seen from all 347 four plots ( Fig. 4a-d (along the section A-A') within a year of continuous leachate injection in C-1, C-2 and C-3.
356
However, a relatively small capillary pressure ranging approximately from 3-10 kPa was 
362
Moreover, the excessively developed pore water pressure at any given time was found to 363 be higher for the bioreactor landfill with closely-spaced dense HTs (C-3) due to high pressure 364 injection at several locations. Nevertheless, the capillary pressure due to initial unsaturated MSW
365
was approximately the same within the first six months of continuous injection, irrespective of 366 the recirculation trench configuration.
367
The intermittent leachate injection in landfill system C-4 provided enough time for the 368 developed pore water pressure across the landfill section to dissipate during the rest period
369
(gravity drainage), and this resulted in a safer landfill system than the landfill C-1. The pore 370 pressures in case C-4 were relatively lower than the pore pressures in case C-1 due to intermittent injection. Moreover, the continuous injection of leachate in C-1 led to a higher pore 372 water pressures, reducing the effective stress and thereby the shear strength of MSW. process relatively faster at deeper layers.
384
As the landfilled waste degrades, the geotechnical properties of MSW such as unit weight 
405
It was found that, at any given injection period, the degree of waste degradation in the 406 1V:2H landfill slope was lower due to slightly lower moisture levels than the 1V:3H slope; 407 yielding in waste stabilization period of around 18 years compared to 16 years of continuous 408 leachate injection in case C-1 with 1V:3H slope. In addition, the changes in unit weight were 409 more pronounced in the flatter 1V:3H slope than the steeper 1V:2H (Fig. 6 ).
410
As a result of closely-spaced HTs, the waste degradation in bioreactor landfill C-3 was 411 much faster compared to the typical bioreactor landfill C-1. As shown in Fig. 5 , almost 98% of 412 the waste degradation resulting in the MSW stabilization was attained within 13 years of the 413 continuous leachate injection in C-3 compared to 16 years for C-1. As a result of the rapid waste 414 degradation, changes in the geotechnical properties such as MSW unit weight were more 415 predominant and were found to be higher than the MSW in the bioreactor landfill C-1.
Furthermore, the degree of waste degradation (DOD) were relatively less (approximately 417 40-50%) throughout the landfill C-4 than the DOD (60-75%) found in C-1 at the end of 5 years.
418
As a result of the low DOD, the changes in geotechnical properties such as MSW unit weight In addition, due to the low moisture level and slow waste decomposition, the total MSW and soft waste conditions have been reported in literature (Reddy et al. 1996) . Moreover, it is 520 worth mentioning that the steeper landfill slope (C-2) resulted in higher shear stress at the side 521 slope and relatively lower shear stress at the base liner compared to the flatter bioreactor landfill 522 slopes (i.e., C-1, C-3 and C-4).
523
The mobilized shear strength values in each of the selected landfill conditions were of the interface (end of base liner), and it was found to be higher at base liner than the side slope 534 liner interface.
535
The interface shear displacement along the composite liner system follows the similar 536 pattern as that of induced shear stress (i.e., higher shear displacements for the side slope liner and 537 lower shear displacements for the bottom liner during initial waste placement) for all selected 538 landfill configurations.
539
The effect of landfill slope gradient on the interface shear behavior (shear stress-540 displacement) of the composite landfill liner system is shown in Fig. 9 and shear stress, during the initial waste placement (stiff MSW), were observed by Reddy et al.
545
(1996). The interface shear displacement along the side slope and bottom liners followed a 546 similar trend as that of induced shear stress (Fig. 10) behaviour of composite liner systems.
558
As the leachate is continuously injected, the landfill MSW becomes soft and dense due to 559 anaerobic decomposition and settlement of MSW. As shown in Fig. 9 , the soft MSW conditions 560 resulted in lower values of induced shear stress than the stiff MSW conditions along the side 561 slope liner for both C-1 and C-2 landfill conditions. Furthermore, the side slope liner in case C-2
562
(1V:2H slope) had higher induced shear stress than C-1 (1V:3H slope) with time. However, the Therefore, the horizontal trench layout and spacing is important for effectively performing 577 leachate injection operations and also has its influence on the liner interface behavior in 578 bioreactor landfill.
Additionally, as shown in Fig. 9 and Fig. 10 , the intermittent leachate injection along the 580 side slope liner in C-4 resulted in a gradual reduction in the peak interface shear stress and, peak Table 5 . 
